All relevant data are within the paper and Supporting Information source data files.

Introduction {#sec001}
============

The presynaptic dopamine transporter (DAT) encoded by the *SLC6A3* gene is responsible for Na^+^-dependent reuptake of extracellular dopamine released from the nerve terminals and therefore is a key mediator of dopaminergic neurotransmission \[[@pone.0225339.ref001]--[@pone.0225339.ref004]\]. Genetic variation in the *SLC6A3* gene has been linked to various neuropsychiatric disorders, including bipolar disorder, schizophrenia, attention deficit/hyperactivity disorder (ADHD), and Parkinson's disease \[[@pone.0225339.ref005]--[@pone.0225339.ref009]\]. DAT is also a principal target for illicit drugs of abuse (cocaine, amphetamine) and ADHD medications (Adderall, Ritalin) \[[@pone.0225339.ref003],[@pone.0225339.ref004]\]. As there are no extracellular enzymes that catabolize dopamine upon its release at the presynaptic active zone, the duration of dopamine transient signal is primarily controlled by the rapid dopamine diffusion away from the active zone to the extrasynaptic areas and subsequent reuptake of dopamine through the perisynaptic DATs \[[@pone.0225339.ref001],[@pone.0225339.ref002],[@pone.0225339.ref010]\]. Considering the slow transport cycle of DAT (1--5 dopamine molecules/s) \[[@pone.0225339.ref010]\] relative to the rapid timescale of synaptic dopamine signals, proper DAT membrane localization is a key prerequisite for efficient dopamine clearance.

The molecular mechanisms underlying DAT membrane organization and surface trafficking have been a subject of intense scrutiny over the past decade \[[@pone.0225339.ref011]--[@pone.0225339.ref015]\]. Ensemble and single-molecule fluorescence microscopy techniques have been pivotal to our understanding of the contribution of DAT surface trafficking to the regulation of dopamine homeostasis; it is now clear that DAT is a dynamic entity in the plasma membrane sensitive to local microenvironment manipulation and capable of engaging various direct binding partners \[[@pone.0225339.ref012]--[@pone.0225339.ref015]\]. Specifically, Adkins *et al*. \[[@pone.0225339.ref011]\] employed fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) to demonstrate that yellow fluorescent protein (YFP)-fused DAT accelerated laterally after acute cholesterol depletion with methyl-β-cyclodextrin and actin cytoskeleton disruption in HEK293 and N2A cells. The increase in the DAT surface diffusion rate was accompanied by a significant reduction in the rate of \[^3^H\]dopamine uptake, pointing to an important link between DAT membrane microdomain localization and the transport component of the DAT function. Cremona *et al*. \[[@pone.0225339.ref013]\] discovered that flotillin, an intracellular scaffolding protein, was required to maintain a large fraction of DAT in membrane microdomains and facilitate protein kinase C (PKC)-triggered DAT internalization. Eriksen and colleagues surprisingly observed via FRAP that a large pool of fluorescent cocaine analog-occupied DATs exhibited non-directional, unrestricted Brownian diffusion in the midbrain neuron extensions and varicosities \[[@pone.0225339.ref014]\]. In contrast, Rahbek-Clemmensen *et al*. \[[@pone.0225339.ref015]\] implemented a stochastic optical reconstruction microscopy (STORM) approach to reveal that 50--70% of immunolabeled DAT proteins exist as irregular nanoclusters with a median size of 70 nm both in transfected CAD cells and the network of neuronal extensions. Additionally, DAT coding variation appears to have a profound impact on DAT surface trafficking. Specifically, R60A and W63A substitutions, which target a conserved intracellular interaction network responsible for the inward-to-outward DAT transitions and result in a reduced DAT affinity for its substrates, were demonstrated to increase the membrane pool of mobile DAT and accelerate its constitutive endocytosis \[[@pone.0225339.ref016]--[@pone.0225339.ref018]\]. A rare ADHD-derived R615C coding variation in the distal DAT C-terminus was reported to compromise DAT membrane stability and alter its recycling rate, possibly through mislocalization to GM1 ganglioside-rich microdomains \[[@pone.0225339.ref019]\]. Although the available data appear to point to the functional importance of DAT surface trafficking and DAT sequestration into specialized membrane microdomains, heterogeneity of DAT membrane organization at the individual protein level has not been systematically investigated.

We have previously developed a quantum dot-based imaging approach that allowed us to directly observe the membrane diffusion dynamics of surface DAT proteins \[[@pone.0225339.ref020],[@pone.0225339.ref021]\]. Quantum dots are nanometer-sized semiconductor crystals that are characterized by excellent brightness, superior photostability compared to conventional fluorophores, broad absorption spectra, and narrow, size-tunable, Gaussian emission spectra \[[@pone.0225339.ref022]\]. Together, these signature photophysical properties of Qdots readily enable single particle tracking (SPT) of individual proteins with millisecond temporal and nanometer spatial resolution \[[@pone.0225339.ref023]--[@pone.0225339.ref025]\]. The Qdot surface can be readily derivatized with antibodies \[[@pone.0225339.ref026],[@pone.0225339.ref027]\], peptides \[[@pone.0225339.ref028]\], or small-molecule ligands \[[@pone.0225339.ref029]--[@pone.0225339.ref031]\] to enable specific recognition of cell surface proteins. Here, we build upon our previous work and report a systematic study of the lateral motion of DAT in various live cell hosts. A central finding of this investigation is that DAT surface diffusion is highly heterogeneous and strongly dependent on the local membrane landscape. We also demonstrate that DAT is dynamically retained away from the flat membrane regions in all expression systems in a conformation-dependent manner, independently of the targeting strategy. We propose that the spatiotemporal polarization of DAT surface density occurs via a diffusion-based, curvature-dependent mechanism and may have important implications for psychiatric disorders associated with DAT coding variation.

Materials and methods {#sec002}
=====================

Materials {#sec003}
---------

DMEM FluoroBrite Live cell imaging medium, dialyzed fetal bovine serum, Lipofectamine 3000, nocodazole, latrunculin B, m-3M3FBS, o-3M3FBS, and Qdot605Sav (emission max at 605 nm) were purchased from ThermoFisher Scientific. According to the manufacturer, the Qdot streptavidin conjugate is made from a nanometer-scale crystal of a semiconductor material (CdSe), which is coated with an additional semiconductor shell (ZnS) to improve the optical properties of the material. This core-shell material is further coated with a polymer shell that allows the materials to be conjugated to biological molecules and to retain their optical properties. This polymer shell is directly coupled to streptavidin through the PEG linker. The Qdot streptavidin conjugate is the size of a large macromolecule or protein (\~15--20 nm). Poly-D-lysine hydrobromide (mol wt 70,000--150,000) and anti-HA-Biotin (High Affinity (3F10)) from rat IgG1 were purchased from Sigma-Aldrich. 35-mm uncoated No. 1.5 coverslip-bottomed dishes were purchased from MatTek. pcDNA3-EGFP plasmid DNA was a gift from Doug Golenbock (Addgene plasmid \# 13031). pcDNA3.1-GFP-DRD2 plasmid DNA was a gift from Dr. Jean-Michel Arrang (Addgene plasmid \# 24099). pcDNA3.1-GFP-DRD2 plasmid DNA was a gift from Dr. Jean-Michel Arrang (Addgene plasmid \# 24099). tagRFP-C1-RFP-HA-DAT, pEYFP-C1-YFP-HA-DAT R60A, and pEYFP-C1-YFP-HA-DAT W63A plasmid DNA were a gift from Dr. Alexander Sorkin (Addgene plasmid \# 90265, 90245, and 90246 respectively). pcDNA3.1-D2DR-3xHA was acquired from the cDNA Resource Center. The IDT772 ligand was synthesized as previously described \[[@pone.0225339.ref032]\].

Cell culture {#sec004}
------------

HEK-293, HEK-293T, and N2A cells were grown in a complete medium (DMEM with 2 mM glutamine, 10% FBS, 1% pen/strep) in a 37°C incubator with 5% CO~2~. CAD cells were grown in a complete medium (DMEM/Ham's F12 1:1 with 2 mM glutamine, 8% FBS, 1% pen/strep) in a 37 °C incubator with 5% CO~2~. PC12 cells were grown in a complete medium (DMEM with 2 mM glutamine, 5% FBS, 5% horse serum, 1% pen/strep) in a 37 °C incubator with 5% CO~2~. Cells were seeded in poly-D-lysine coated (1 hr at 37 °C) MatTek dishes at an appropriate density to obtain a subconfluent monolayer and grown for 24 h in the appropriate complete growth medium. Then the cells were transiently transfected with 500 ng of the appropriate DNA per MatTek dish using Lipofectamine 3000 according to the manufacturer's instructions.

Qdot605Sav labeling {#sec005}
-------------------

Qdot labeling was implemented via a two-step protocol. After the cells were allowed 24 hours to achieve transporter or receptor expression, labeling was carried out by first incubating the cells with IDT444 at 100 nM or anti-HA-biotin at 0.2 μg/mL for 10 minutes at 37 °C. Following two washes with warm DMEM FluoroBrite, cells were then incubated with a 0.02--0.10 nM Qdot605Sav diluted in warm DMEM FluoroBrite supplemented with 2% dFBS (labeling buffer) for 5 minutes at room temperature, washed three times with warm DMEM FluoroBrite, and used immediately for time-lapse image series acquisition.

High-Speed spinning disk confocal microscopy {#sec006}
--------------------------------------------

Time-lapse image series were obtained on an inverted Nikon-Ti Eclipse microscope system equipped with the Yokogawa CSU-X1 spinning disk confocal scanner unit, a heated stage, a 60x oil-immersion Plan Apo 1.4 NA objective, and the Andor DU-897 electron-multiplying charged-coupled device (EMCCD) camera. Qdots were excited using a 405-nm solid state diode laser (23 mW), and the Qdot emission was collected through the 605/70 emission filter. GFP/YFP molecules were excited using the 488-nm line (65 mW), and the GFP/YFP emission was collected using the 525/36 emission filter. RFP molecules were excited using the 561-nm line (86 mW), and the RFP emission was collected using the 605/70 emission filter. Single Qdot tracking was performed at a scan rate of 10--33 Hz for 1 minute. SPT data were obtained within 20 minutes of the final wash step after Qdot labeling.

SIM microscopy {#sec007}
--------------

SIM imaging was performed in single-plane 3D SIM mode on an inverted Nikon SIM microscope equipped Andor DU-897 EMCCD camera, a SR Apo TIRF 100x 1.49 NA oil-immersion objective, and 488 nm (74 mW) and 561 nm (78 mW) solid-state diode lasers used to excited GFP/YFP and RFP fluorophores respectively. All cells were washed three times with room-temperature DMEM Fluorobrite and imaged in warm DMEM Fluorobrite at room temperature. The following treatments were performed on HEK-293T cells--o-3M3FBS (10 μM for 10 min), m-3M3FBS (10 μM for 10 min), latrunculin B (2.5 μM for 10 min), methyl-β-cyclodextrin (5 mM for 30 min), and nocodazole (10 μM for 1 hr).

Data analysis {#sec008}
-------------

Image analysis and trajectory construction were performed using MATLAB according to the algorithms developed by Jaqaman *et al*. \[[@pone.0225339.ref033]\]. The localization accuracy of the central position of the Qdot in our imaging approach was estimated to be was estimated to be 25±10 nm based on 2411 Qdot trajectories immobilized onto a coverslip. Intermittency of Qdot fluorescence was used to verify that single fluorophores were analyzed, and extracted trajectories were at least 50 frames in length to increase the robustness of statistical analysis. Trajectories were considered continuous if a blinking Qdot was rediscovered within a 1 μm distance during the 10-frame time window. For each trajectory, mean square displacement (MSD), *r*^2^(*t*), was computed as follows: $$\left\langle {r^{2}\left( {n\delta t} \right)} \right\rangle = \frac{1}{N - n}{\sum_{j = 0}^{N - n - 1}\left\{ {\left\lbrack {x\left( {j\delta t + n\delta t} \right) - x\left( {j\delta t} \right)} \right\rbrack^{2} + \left\lbrack {y\left( {j\delta t + n\delta t} \right) - y\left( {j\delta t} \right)} \right\rbrack^{2}} \right\}}$$ where *δt* is the temporal resolution of the acquisition device, (*x*(*jδt*), *x*(*jδt*)) is the particle coordinate at t = *jδt*, and N is the number of total frames recorded for an individual particle. Prior to MSD calculations, individual trajectories were reindexed with continuous time vectors to close the gaps caused by blinking and simplify MSD analysis. Anomalous diffusion parameter (α) was estimated by fitting each individual MSD over time curve to 〈*r*^2^(*nδt*)〉 = 4*D*~*α*~*t*^∝^ using nonlinear least-squares fit \[[@pone.0225339.ref023]\]. The diffusion coefficient *D*~*MLE*~ was determined through the use of a previously published Maximum Likelihood Estimation (MLE) theoretical framework to maximize performance in accurately calculating D \[[@pone.0225339.ref034]\]. Trajectories with *D*~*MLE*~ \< 5x10^-4^ μm^2^/s (equivalent to the 95^th^ percentile value of *D*~*MLE*~ derived from the analysis of 2411 trajectories of Qdots immobilized on glass coverslip) were considered immobilized and were omitted from further analysis. For each trajectory, the aspect ratio was calculated as the ratio of length to width of a minimum bounding box encompassing a trajectory.

Relative deviation analysis to classify trajectory motion type {#sec009}
--------------------------------------------------------------

Independently of the motion mode, microscopic diffusion coefficient *D*~*2-4*~ was determined by fitting the first 2--4 points of the MSD versus time curves with the equation: $$\left\langle {r^{2}\left( t \right)} \right\rangle_{2 - 4} = 4D_{2 - 4}t + offset$$

Four modes of motion are considered in order to describe the motional behavior of integral membrane proteins in the plasma membrane. These motional modes can be characterized on the basis of the plot of MSD versus time intervals:

1.  Stationary (immobilized) mode, in which a protein displays very little motion. As this type of motion was indistinguishable from Qdots immobilized on glass substrate and comprised less than 5% of total trajectory number for each condition, Qdots trajectories classified as immobilized were omitted from further analysis as discussed in the section above.

2.  Simple diffusion mode, in which a protein undergoes simple Brownian motion and its MSD-Δt plot is linear with a slope of 4D.

3.  Directed diffusion mode, in which a protein moves in a direction with a constant drift velocity with superimposed random diffusion with a diffusion coefficient D. In this case, the MSD-Δt plot is parabolic with a differential coefficient of 4D at time 0 (initial slope).

4.  Restricted diffusion mode, in which a protein undergoes Brownian motion within a limited area and cannot escape the area during the observation period (*0 ≤ x ≤ L*~*x*~, *0 ≤ y ≤ L*~*y*~). This mode of motion is equivalent to free Brownian diffusion within an infinitely high square well potential. The slope of the MSD-Δt curve at time 0 is again 4D, and the MSD-Δt curve asymptotically approaches *L*~*x*~^*2*^*/6* and *L*~*y*~^*2*^*/6* in the x and y directions, respectively.

The MSD-At plot shows positive and negative deviations from a straight line with a slope of 4D (in the case of two-dimensional diffusion) for directed diffusion and restricted diffusion, respectively. Larger deviations indicate larger probabilities of non-Brownian diffusion. A parameter for the relative deviation, RD(N, n), is defined as: $$RD\left( {N,n} \right) = \frac{MSD\left( N,n \right)}{4D_{2 - 4}n\delta t}$$ where *MSD(N*, *n)* represents MSD determined at a time interval *n*δ*t* from a sequence of *N* video frames. *4D*~*2-4*~*nδt* is the expected average value of MSD for particles undergoing simple diffusion with a diffusion coefficient of *D*~*2-4*~ in two-dimensional space. In the case of simple diffusion, the average *RD(N*, *n)* should be 1 \[[@pone.0225339.ref035]\]. Brownian trajectories with a diffusion coefficient of 0.1 μm^2^/s were generated by random walk simulations using experimentally relevant trajectory lengths (100, 200, 300, 400, 500, and 600 steps) to establish the effective cutoff values of RD at 25 frames ([S1 Fig](#pone.0225339.s004){ref-type="supplementary-material"}). RD values within the 2.5^th^-97.5^th^ percentile range were taken to represent statistical variations in Brownian motion, and those outside of the range taken as restricted diffusion. [S1 Fig](#pone.0225339.s004){ref-type="supplementary-material"} maps the 2.5^th^ and 97.5^th^ percentiles of RD(N,25) as a function of N. A linear least-squares fit to the 2.5th percentile points defined the lower boundary for free diffusion, with trajectories having RD(N,25) below this line classified as restricted ([S1 Fig](#pone.0225339.s004){ref-type="supplementary-material"}). Since DAT at the plasma membrane should not be actively directed by any cellular processes, directed diffusion was ignored, so trajectories with RD(N,25) above the 4^th^-order polynomial fit of the 97.5th percentile points were classified as free \[[@pone.0225339.ref036]\].

HMM analysis {#sec010}
------------

In a single dimension, a particle trajectory consists of a sequence of particle positions x~t~ separated by a time interval Δt. For a particle undergoing a random walk, the particle instantaneous displacements Δx~t~ = x~t+1~−x~t~ along this dimension follow a normal distribution with a standard deviation that depends on the diffusion coefficient D~σ~ according to σ^2^ = 2D~σ~Δt and a mean that depends on the velocity v according to μ = vΔt. For a 2D particle trajectory with particle positions r~t~ = {x~t~, y~t~}, the instantaneous displacements between two consecutive frames become Δr~t~ = {Δx~t~, Δy~t~} = {x~t+1~ − x~t~, y~t+1~ − y~t~}. Hidden Markov Modeling analysis of a two-dimensional array of instantaneous displacements {Δx, Δy} for a single particle trajectory was implemented in Matlab using HMM-Bayes algorithm package available for download as shareware at <http://hmm-bayes.org/> \[[@pone.0225339.ref037]\].

Statistical analysis {#sec011}
--------------------

Statistical pairwise comparison of differences between the distributions of individual diffusion coefficients and trajectory areas of Qdot-tagged DAT variants was carried out using Mann-Whitney U-test in Matlab R2018a (Mathworks, Inc., Natick, MA), Kolmogorov-Smirnov test in Matlab R2018a (Mathworks, Inc., Natick, MA), and one-way ANOVA with Dunnett's post-hoc test in Sigma Plot 11 (Systat Software, Inc., San Jose, CA). Significance was set at α = 0.01. Diffusion data are represented as median with 25--75% interquartile interval.

Results {#sec012}
=======

Single particle tracking of DAT lateral motion {#sec013}
----------------------------------------------

We took advantage of our antagonist-conjugated Qdot labeling approach to obtain the trajectories of DAT proteins at the cell surface of heterologous expression systems ([Fig 1](#pone.0225339.g001){ref-type="fig"}). Our targeting strategy \[[@pone.0225339.ref020],[@pone.0225339.ref021],[@pone.0225339.ref023]\] features an organic ligand IDT444 composed of (i) a high-affinity cocaine analog that enables specific binding to the cell surface DAT molecules, (ii) an 11-carbon alkyl spacer to enable access to the binding site, (iii) a PEG chain to impart the ligand with aqueous solubility, and (iv) the biotin end which is captured by commercially available streptavidin-conjugated Qdots with the emission maximum at 605 nm (Qdot605Sav) ([Fig 1a](#pone.0225339.g001){ref-type="fig"}; refer to \[[@pone.0225339.ref020]\] for IDT444 synthesis details). Our ligand-based approach enables labeling and tracking of genetically unmodified transporters in live cells, as it has been notoriously difficult to develop an efficient antibody against a native DAT extracellular epitope \[[@pone.0225339.ref014]\]. Our strategy also eliminates the need for either a fluorescent protein usually fused to the DAT N-terminus or an epitope tag (e.g., hemagglutinin (HA), FLAG, or ligase acceptor peptide (LAP)) typically incorporated into the second extracellular loop (EL2) \[[@pone.0225339.ref016]--[@pone.0225339.ref018],[@pone.0225339.ref038],[@pone.0225339.ref039]\]. Since DAT has been shown to undergo modest (≤10%) constitutive internalization in a one-hour period both in transfected cells and *in vivo* \[[@pone.0225339.ref040]\], we are thus able to reliably observe the surface-limited trafficking events and probe DAT membrane dynamics at a spatial resolution of \~20 nm.

![Single Qdot tracking reveals DAT heterogeneous diffusion dynamics.\
(a) The schematic illustrates the DAT-Qdot targeting strategy that relies on the use of biotinylated IDT444 ligand \[[@pone.0225339.ref020]\]. (b) A single frame of DAT-Qdot distribution at the basolateral membrane of HEK-293 cells; the image is representative of more than 5 independent experiments. Scale bar: 10 μm. (c) A maximum intensity projection of a 60-s time-lapse sequence of DAT-Qdots shown in b acquired at 10 Hz. Scale bar: 10 μm. (d) Reconstructed trajectories depicting DAT-Qdot motion in c. (e) A histogram of a diffusion coefficients *D*~*MLE*~ corresponding to trajectories in d. (f) A histogram of aspect ratios corresponding to individual trajectories in d. (g) A plot of individual MSD over time curves corresponding to individual trajectories in d and illustrating DAT-Qdot heterogeneous diffusion dynamics at the surface of a single cell examined.](pone.0225339.g001){#pone.0225339.g001}

In the initial set of experiments, DAT-expressing HEK293 cells were sequentially labeled with a saturating dose of biotinylated IDT444 (100 nM) and a dilute solution of Qdot605Sav (0.1 nM). Trajectories were acquired for \~1 min at 10--33 Hz on the Nikon Ti-E inverted microscope platform equipped with the Yokogawa CSU-X1 spinning disk confocal scanner unit, a 60x oil-immersion Plan Apo 1.4 NA objective, and the Andor DU-897 EMCCD camera ([S1 File](#pone.0225339.s009){ref-type="supplementary-material"}). [Fig 1b](#pone.0225339.g001){ref-type="fig"} shows a representative frame of \~300 DAT trajectories over a time interval of 60 s at the basolateral surface (at the cell-coverslip interface) of transiently transfected HEK293 cells adhered to the poly-D-lysine-coated MatTek dish. [Fig 1c](#pone.0225339.g001){ref-type="fig"} shows a maximum intensity projection (600 frames, 1 min) of the time-lapse image series in [Fig 1b](#pone.0225339.g001){ref-type="fig"}. A maximum intensity projection was produced by selecting the highest intensity value for each pixel in a 2D image plane over the entire time-lapse sequence; it is a convenient way to visualize relative Qdot motion using unprocessed image series. Note that Qdots are localized to the periphery of the cells, and DAT lateral diffusion is primarily restricted to the cell edge. To obtain high-resolution DAT tracks, we relied on the tracking algorithm adapted from Jaqaman *et al*. \[[@pone.0225339.ref033]\] to retain trajectories of single, blinking Qdots that are at least 50 frames in duration. Shorter trajectories were discarded during analysis to increase the statistical robustness of data. [Fig 1d](#pone.0225339.g001){ref-type="fig"} shows trajectories derived from the representative time-lapse image series shown in [Fig 1b and 1c](#pone.0225339.g001){ref-type="fig"}. For each DAT-Qdot trajectory, we computed individual mean-square displacement (MSD) over time curves, an aspect ratio defined as the ratio of length to width of a minimum bounding box encompassing a trajectory, and individual diffusion coefficients (*D*~*MLE*~) according to a maximum likelihood estimation (MLE) algorithm \[[@pone.0225339.ref034]\] ([Fig 1e, 1f and 1g](#pone.0225339.g001){ref-type="fig"}). Maximum likelihood estimator takes into account the particle diffusion coefficient D, the static localization error σ, and the uncertainty due to motion blur R (refer to \[[@pone.0225339.ref034]\] for a detailed description of the likelihood estimator). The cutoff for immobilized Qdots was set to 5 x 10^−4^ μm^2^/s, equivalent to the 95% percentile of *D*~*MLE*~ distribution for 2411 immobilized Qdots that were spin-coated onto a coverslip. Analysis of the dynamic parameters of motion for these representative, biochemically de-facto identical Qdot-tagged DATs revealed a large amount of heterogeneity as evidenced by the large variation in the trajectory aspect ratio and MSD curves spanning several orders of magnitude.

Resolving heterogeneity at the individual trajectory level {#sec014}
----------------------------------------------------------

Closer inspection of single DAT-Qdot trajectories in transiently transfected HEK-293T, N2A, and CAD cells revealed dynamic heterogeneity at the trajectory level. [Fig 2a](#pone.0225339.g002){ref-type="fig"} shows ten representative DAT-Qdot trajectories for each cell type randomly selected from the total pool. To gain a more quantitative description of the dynamic heterogeneity, we generated 1000 trajectories undergoing Brownian diffusion by random walk simulations with the rate of diffusion equivalent to that of DAT-Qdots in HEK-293T cells and 1000 trajectories confined to a parabolic potential with a trap size of 200 nm diffusing at the rate of DAT-Qdots in HEK-293T ([Fig 2a](#pone.0225339.g002){ref-type="fig"}). Next, we classified experimentally acquired DAT-Qdot trajectories by the relative deviation method \[[@pone.0225339.ref035],[@pone.0225339.ref036]\]. The relative deviation parameter is defined as the ratio of the experimental MSD to the line extrapolated from the initial slope of MSD. For particles diffusing at a rate faster than the immobile *D*~*MLE*~ threshold, we analyzed relative deviation parameter at 25 frames to classify experimental trajectories as either free or restricted. Since plasma membrane DAT should not be actively transported by any cellular processes, directed diffusion was ignored \[[@pone.0225339.ref036]\]. [Fig 2b](#pone.0225339.g002){ref-type="fig"} summarizes the classification of the diffusion mode of the experimentally acquired DAT-Qdot trajectories. Notably, most trajectories were determined to constitute the mobile pool of plasma membrane DATs, exhibiting free Brownian motion. The restricted fraction varied from 20% to \~60% and appeared to be dependent on the expression host. Interestingly, lower number of DAT-Qdots in the freely diffusing pool at both the basolateral and apical surfaces of N2A cells is consistent with the previous finding by Adkins *et al*. \[[@pone.0225339.ref011]\] that observed markedly reduced YFP-DAT mobility in N2A versus HEK-293 cells via FRAP.

![Analysis of DAT-Qdot diffusive heterogeneity at the single trajectory level.\
(a) A set of 10 random trajectories is shown for both simulated Brownian and restricted type of motion as well as experimentally acquired spin-coated (immobilized) Qdots and DAT-Qdots diffusing laterally at the surface of various cell hosts. (b) Classification of the type of motion of experimentally acquired DAT-Qdot trajectories using relative deviation analysis (HEK-293T/RFF-DAT: 2861 trajectories; HEK-293T/WT-DAT: 1236 trajectories; HEK-293T/WT-DAT on apical surface: 597 trajectories; N2A/WT-DAT: 1343 trajectories; N2A/WT-DAT on apical surface: 922 trajectories; CAD/WT-DAT: 1440 trajectories. Data were generated from three independent experiments. Two MatTek dishes with three 512x512 fields of view acquired per MatTek dish constituted an independent experiment. Two MatTek dishes were plated on separate days (per passage) for each cell line. (c) Representative trajectories of DAT-Qdots diffusig laterally in different membrane regions/topography. 1 pixel = 0.22 μm. (d) α parameter versus DMLE scatter plots for DAT-Qdots diffusing in three distinct membrane regions (N~edge~ = 79 tracks; N~filopodia~ = 66 tracks; N~lamellipodia~ = 100 tracks. Source data are provided in [S1 Dataset](#pone.0225339.s001){ref-type="supplementary-material"}.](pone.0225339.g002){#pone.0225339.g002}

To shed light on the underlying mechanisms of DAT diffusion heterogeneity, we assessed the dependence of DAT-Qdot motion on DAT localization to distinct membrane features. In agreement with prior electron microscopy and immunocytochemistry studies indicating DAT enrichment in the network of neuronal extensions and varicosities relative to the weaker somatic signal \[[@pone.0225339.ref015],[@pone.0225339.ref041]\], we observed relatively few DAT-Qdots diffusing in the flat membrane regions formed at the glass-cell interface of the three cell types examined. Most DAT-Qdots were localized to three distinct plasma membrane features--(i) thin, finger-like protrusions (filopodia), (ii) thin, flat membrane sheets (lamellipodia), and (iii) the membrane edge between flat membrane regions and features described in (i) and (ii). [Fig 2c](#pone.0225339.g002){ref-type="fig"} displays representative trajectories of DAT-Qdots from these three distinct membrane features. Whereas DAT-Qdots diffusing along the cell edge were characterized by the high degree of apparent confinement, most of the complexes localized to the finger-like membrane protrusions exhibited unobstructed bidirectional movement with frequent switching and those localized to the lamellipodia appeared to diffuse freely over the entire lamellipodia area without evident barriers. Next, we manually sorted at least 60 DAT-Qdot trajectories from different cell regions of HEK-293T cells and extracted two complementary parameters. First, we estimated the lateral mobility at short timescales by computing *D*~*MLE*~ for each individual trajectory. Second, we estimated the lateral mobility at longer timescales by computing the anomalous diffusion exponent α, a measure of by fitting the entire individual time-averaged MSD curves with a general model of diffusion MSD ≈ t^α^ \[[@pone.0225339.ref023]\]. The distribution of the parameters *D*~*MLE*~ and α extracted from single DAT-Qdot trajectories was represented as a two-dimensional scatter plot for each distinct membrane region ([Fig 2d](#pone.0225339.g002){ref-type="fig"}). As expected, the cell edge DAT-Qdots were diffusing at a significantly slower rate with a strongly subdiffusive α parameter than DAT-Qdots localized to the membrane lamellipodia or protrusions ([Table 1](#pone.0225339.t001){ref-type="table"}). Thus, it appears that the heterogeneity in DAT-Qdot lateral mobility and its deviation from Brownian diffusion are strongly dependent on DAT residence in various membrane features.

10.1371/journal.pone.0225339.t001

###### Cell region dependence of diffusion parameters.

![](pone.0225339.t001){#pone.0225339.t001g}

  ------------------------------------------------------------------------------------------------------------------------
  Parameter      Cell Region     Median                 25--75% IQR            N               Mann-Whitney\   K-S test
                                                                                               U-test          
  -------------- --------------- ---------------------- ---------------------- --------------- --------------- -----------
  *D*~*MLE*~     edge            0.010 μm^2^/s          0.001--0.032 μm^2^/s   79              \-\-\-\--       \-\-\-\--

  filopodia      0.042 μm^2^/s   0.020--0.056 μm^2^/s   66                     p = 4x10^-8^    p = 2x10^-7^    

  lamellipodia   0.035 μm^2^/s   0.014--0.079 μm^2^/s   100                    p = 4x10^-10^   p = 8 x10^-9^   

  *α*            edge            0.51                   0.25--0.87             79              \-\-\-\--       \-\-\-\--

  filopodia      0.73            0.53--0.97             66                     p = 0.0069      p = 0.0026      

  lamellipodia   0.75            0.45--1.01             100                    p = 2 x10^-4^   p = 0.0027      
  ------------------------------------------------------------------------------------------------------------------------

Validation of polarized DAT-Qdot distribution {#sec015}
---------------------------------------------

Highly polarized surface distribution and delivery of the plasma membrane molecules is a ubiquitous biological phenomenon \[[@pone.0225339.ref042]--[@pone.0225339.ref046]\]. The asymmetric and coordinated targeting and sorting of the cell surface molecules overcomes the randomizing effects of the Brownian motion that is predicted by the fluid mosaic model \[[@pone.0225339.ref047]\]. Molecular segregation at the cell surface is typically achieved through rigid diffusion barriers, dynamic confinement within the specialized membrane nanodomains, or preferential recruitment of molecules to the curved membrane regions \[[@pone.0225339.ref042]--[@pone.0225339.ref046]\]. Although DAT is strategically localized to the distal axonal processes of dopaminergic neurons to facilitate dopamine reuptake, it remains unclear whether DAT delivery to these areas is surface diffusion-based or relies on vesicular transport. Moreover, multiple lines of evidence indicate that the low density of DAT in the somatic region is independent of the cell host or the heterologous expression level \[[@pone.0225339.ref015],[@pone.0225339.ref017],[@pone.0225339.ref018],[@pone.0225339.ref041]\]. Indeed, when we coexpressed DAT with the green fluorescent protein (GFP; not fused to DAT) to clearly outline membrane features in N2A cells, DAT-Qdot trajectories over a 60-s time period were mostly localized to the cell edges and thin membrane protrusions extending out of the flat membrane region ([Fig 3a](#pone.0225339.g003){ref-type="fig"}, [S2 File](#pone.0225339.s010){ref-type="supplementary-material"}) or the long neuritic outgrowths ([Fig 3c](#pone.0225339.g003){ref-type="fig"}, [S3 File](#pone.0225339.s011){ref-type="supplementary-material"}). Longer recordings of DAT-Qdot behavior at 0.1 Hz rate over a 30-min time period revealed additional distinctions. Maximum intensity projections of 30-min time-lapse image sequences showed that a large percentage of membrane protrusions were explored by DAT-Qdots, whereas the boundary between the flat membrane zone and the protrusions/processes in the same focal plane appeared to limit DAT-Qdot penetration into the flat membrane zone ([Fig 3b and 3d](#pone.0225339.g003){ref-type="fig"}, [S4](#pone.0225339.s012){ref-type="supplementary-material"} and [S5](#pone.0225339.s013){ref-type="supplementary-material"} Files). Isolated immobilized Qdots adsorbed to the coverslip surface served as a reference marker and assured the observation of DAT-Qdots at the plasma membrane/coverslip interface.

![Avoidance of flat membrane regions by diffusing DAT-Qdots in N2A cells.\
Panels in a and c show DAT-Qdot motion over 60 s acquired at 10 Hz in GFP-expressing N2A cells. Maximum intensity projections in b and d show DAT-Qdot localizations acquired over 30 min at 0.1 Hz in GFP-expressing N2A cells. Scale bar:10 μm. Images are representative of 3 independent experiments. Two MatTek dishes plated per passage with three to six 512x512 fields of view acquired per MatTek dish constituted an independent experiment.](pone.0225339.g003){#pone.0225339.g003}

Next, we sought to rule out the possibility that the preferential targeting and retention of DAT-Qdots in the membrane edges/protrusions is merely an artifact of Qdot labeling. We examined the diffusion dynamics of a presynaptic protein partner of DAT, the D2 dopamine receptor (D2DR). Briefly, we labeled surface D2DR fused to the 3xHA epitope at the extracellular N-terminus with either biotinylated IDT772 \[[@pone.0225339.ref032]\] featuring modular architecture identical to that of IDT444 or a commercially available, high-affinity, biotinylated anti-HA antigen-binding fragment (Fab). Representative frames, 60-s maximum intensity projections, and reconstructed Qdot trajectories of the ligand- and anti-HA-Fab-tagged D2DRs are displayed in [Fig 4a--4c](#pone.0225339.g004){ref-type="fig"} ([S6 File](#pone.0225339.s014){ref-type="supplementary-material"}) and [Fig 4d--4f](#pone.0225339.g004){ref-type="fig"} ([S7 File](#pone.0225339.s015){ref-type="supplementary-material"}) respectively. A readily apparent uniform distribution of D2DR-Qdots indicated that the asymmetric surface distribution is independent of the targeting strategy and is specific for DAT. In parallel, we coexpressed RFP-fused DAT and GFP-fused D2DR in three heterologous cell hosts and imaged differences in DAT versus D2DR distribution via structured illumination microscopy (SIM), an advanced widefield microscopy technique that uses patterned illumination to double the lateral spatial resolution \[[@pone.0225339.ref048]\]. [Fig 5](#pone.0225339.g005){ref-type="fig"} displays representative SIM images of RFP-DAT/GFP-D2DR distribution in HEK293T, N2A, and PC12 cells. In agreement with prior observations, RFP-DAT appeared to be preferentially accumulated at the cell periphery and in thin membrane protrusions, whereas GFP-D2DR signal was more uniformly localized over the entire cell surface. To sum up, DAT preferentially accumulated in the membrane edges/protrusions in all cell hosts examined, and DAT-Qdot diffusion was restricted from the flat membrane zone in a DAT-selective manner independently of the Qdot labeling strategy.

![Uniformity of D2DR-Qdot lateral diffusion at the cell-coverslip interface independently of the labeling approach.\
(a) A single frame showing HA-tagged D2DR labeled with anti-HA-biotin and Qdot605Sav. Scale bar: 10 μm. (b) A maximum intensity projection showing D2DR-Qdot motion over 60 s acquired at 10 Hz. Scale bar: 10 μm. (c) Reconstructed trajectories depicting D2DR-Qdot motion in b. Scale: 1 pixel = 0.22 μm. (d-f) D2DR-HA labeling and tracking with biotinylated IDT772 and Qdot605Sav in HEK-293T cells. Images are representative of three independent experiments. Two MatTek dishes plated per passage with two to three 512x512 fields of view acquired per MatTek dish constituted an independent experiment.](pone.0225339.g004){#pone.0225339.g004}

![Differential membrane localization of RFP-DAT/GFP-D2DR in various cell hosts revealed via SIM superresolution microscopy.\
Bottom left: an image of the distribution of RFP-DAT expressed in a PC12 cell; inset is an image of the distribution of GFP-D2DR in the same cell. Bottom center: an image of RFP-DAT/GFP-D2DR colocalization in the PC12 cell shown in bottom left. Bottom right: the plot represents an intensity profile of the yellow line drawn across a segment of a membrane of a PC12 cells coexpressing RFP-DAT and GFP-D2DR. Scale bar: 5 μm. Images are representative of at three independent experiments. Two MatTek dishes plated per passage with three to six 512x512 fields of view acquired per MatTek dish constituted an independent experiment.](pone.0225339.g005){#pone.0225339.g005}

Probing the role of membrane lipids and cytoskeleton in DAT spatiotemporal distribution {#sec016}
---------------------------------------------------------------------------------------

Next, we examined how manipulating the membrane lipid composition or disrupting the cytoskeleton affected preferential DAT targeting to the membrane edges/protrusions. It is an established fact that cholesterol, a component of membrane microdomains and a known modulator of DAT-mediated dopamine reuptake, interacts with multiple DAT transmembrane domains \[[@pone.0225339.ref049],[@pone.0225339.ref050]\]. Phosphatidylinositol 4,5-bisphosphate (PIP~2~), a small phospholipid at the inner leaflet of the membrane, electrostatically engages the positively charged DAT N-terminus and modulates DAT conformational equilibrium \[[@pone.0225339.ref051]\]. The integrity of the cytoskeletal network comprised of actin and microtubules appears to be necessary to sustain constitutive DAT endocytic trafficking and may be required to stabilize cell surface DATs \[[@pone.0225339.ref052],[@pone.0225339.ref053]\]. Therefore, we sought to determine the ratio of RFP-DAT-WT fluorescence intensity in edges/protrusions to that of RFP-DAT-WT in flat membrane regions in transfected HEK293T cells treated with 5 mM methyl-β-cyclodextrin for 30 min, 10 μM m-3M3FBS or its inactive analog o-3M3FBS for 10 min, 2.5 μM latrunculin B for 10 min, or 10 μM nocodazole for 1 hr to achieve cholesterol depletion, PIP~2~-phospholipid depletion, actin disruption, or microtubule depolymerization, respectively. A decrease in the ratio would indicate RFP-DAT shift away from the membrane edges and protrusions.

To our surprise, these treatments did not have a significant effect on the asymmetric DAT membrane distribution ([Fig 6](#pone.0225339.g006){ref-type="fig"}). Although PIP~2~ was shown to interact with DAT N-terminus \[[@pone.0225339.ref051]\], we observed no significant effect of short-term PIP~2~ depletion via m-3M3FBS-mediated phospholipase C activation on DAT enrichment in the membrane edges/protrusions. Interestingly, our result is in agreement with the previously reported lack of effect of DAT N-terminal Δ36 deletion on DAT enrichment in filopodia \[[@pone.0225339.ref015]\], indicating that PIP~2~ does not appear to be responsible for DAT retention in the membrane edges/protrusions. We did however detect a significant increase in the diffusion rate (an average *D*~*MLE*~ increase of 17%) of the Qdot-tagged DAT in m-3M3FBS-treated HEK-293T cells compared to o-3M3FBS-treated control cells, suggesting that PIP~2~ may be involved in stabilizing DAT surface diffusion locally rather than maintaining separation of distinct DAT pools in the membrane edges/protrusions versus the flat membrane region ([S3](#pone.0225339.s006){ref-type="supplementary-material"} and [S4](#pone.0225339.s007){ref-type="supplementary-material"} Figs). More surprisingly, our data show that acute cholesterol depletion via MβCD did not result in RFP-DAT redistribution away from the membrane edges/protrusions, despite the importance of cholesterol in stabilizing DAT outward-facing conformation \[[@pone.0225339.ref049]\]. Hong and Amara showed that increasing membrane cholesterol in HEK-293 cells and striatal synaptosomes promoted cocaine binding to DAT and enhanced sulfhydryl accessibility of cysteine 306, a juxtamembrane residue on DAT TM6 that is a reliable sensor of the outward-facing DAT. It has been suggested that the cholesterol molecule wedged within a groove formed by DAT transmembrane helices 1a, 5 and 7 prevents its outward-to-inward transition \[[@pone.0225339.ref050],[@pone.0225339.ref054]\]. Although MβCD is effective in depleting both raft and non-raft membrane cholesterol fractions, it is possible that the lack of response in our studies can be attributed to its poor ability to eliminate DAT-bound cholesterol molecule. Nevertheless, our data indicate that the level of membrane cholesterol is not required for DAT retention in the membrane edges/protrusions.

![Lack of effect of cholesterol/PIP~2~ depletion and cytoskeleton disruption on asymmetric DAT membrane distribution.\
(a) Ratio of RFP-DAT intensity in the membrane edge/protrusions (red areas) to that in flat membrane regions (blue areas) was calculated for HWK-293T cells treated with o-3M3FBS (control), m-3M3FBS, MβCD, latrunculin B, and nocodazole. (b) A total of 9, 16, 11, 12 and 16 field of views were examined for each condition respectively in three independent experiments. o-3M3FBS (inactive analog of m-3M3FBS) was used as the control group. p\>0.05 for all groups vs control, unpaired Student's t-test.](pone.0225339.g006){#pone.0225339.g006}

To achieve cytoskeleton disruption, we treated RFP-DAT-transfected HEK-293T cells with latrunculin B, a marine toxin widely used to depolymerize actin filament, and nocodazole, a small-molecule antimitotic agent that binds to β-tubulin and inhibits microtubule dynamics. The filopodia/edge-to-flat membrane region RFP-DAT intensity ratio was then measured in the treated HEK-293T cells. No significant difference was observed for either latrunculin B- or nocodazole-treated cells, indicating that DAT retention in the membrane edge/protrusions is cytoskeleton-independent. Additionally, these cytoskeleton-disrupting treatments did not significantly affect the rate of diffusion of surface DAT molecules ([S3](#pone.0225339.s006){ref-type="supplementary-material"} and [S4](#pone.0225339.s007){ref-type="supplementary-material"} Figs).

Assessment of the effects of conformation-disrupting mutations on DAT diffusion dynamics {#sec017}
----------------------------------------------------------------------------------------

Several recent reports from the Sorkin group \[[@pone.0225339.ref016]--[@pone.0225339.ref018]\] demonstrated that the outward-facing wildtype DAT and the derived DAT constructs (wildtype DAT with HA tag in EL2, N-terminal RFP-fused wildtype DAT, and N-terminal YFP-fused wildtype DAT) all favored localization to the highly curved membrane regions, such as filopodia. In contrast to the wildtype transporter, dysfunctional DAT mutants R60A and W63A with a disrupted outward-facing state did not concentrate in these membrane regions to the same extent and displayed a more uniform plasma membrane distribution. Indeed, when we transiently expressed RFP-HA-DAT-WT, YFP-HA-DAT-R60A, and YFP-HA-DAT-W63A in HEK-293T cells, we observed that the R60A and W63A substitution abolished preferential DAT accumulation in the membrane protrusions as evidenced by the representative SIM images ([Fig 7a](#pone.0225339.g007){ref-type="fig"}).

![Effects of DAT conformation state on DAT membrane distribution and diffusion dynamics.\
(a) SIM superresolution images of RFP-HA-DAT, YFP-HA-DAT-R60A, and YFP-HA-DAT-W63A distribution. Scale bar: 5 μm. Images are representative of at least three independent experiments. Two MatTek dishes plated per passage with three to six 512x512 fields of view acquired per MatTek dish constituted an independent experiment. (b) Representative 60-s MIP trajectories of DAT-Qdots labeled either with biotinylated IDT444 (left) or anti-HA-biotin Fab (center) are shown. Note the lack of Qdot labeling of the dysfunctional, inward-facing W63A DAT variant (right). Scale bar: 10 μm. (c and d) Analysis of the diffusion dynamics of WT DAT and its R60A and W63A dysfunctional variants. For IDT444-labeled (blue) transporter: N~WT~ = 2861 tracks, N~R60A~ = 1480 tracks; for anti-HA-biotin-tagged (red) transporter: N~WT~ = 669 tracks, N~R60A~ = 445 tracks, N~W63A~ = 533 tracks. \*\*\*p\<0.001, Kolmogorov-Smirnov test and one-way ANOVA with Dunnett's post-hoc test. Median values and 25--75% interquartile ranges are tabulated in [Table 2](#pone.0225339.t002){ref-type="table"}. Source data are provided in [S2 Dataset](#pone.0225339.s002){ref-type="supplementary-material"}.](pone.0225339.g007){#pone.0225339.g007}

Next, we implemented our SPT experimental framework to assess the effects of the R60A and W63A substitution on the membrane diffusion dynamics of DAT. In line with the decreased rate of \[^3^H\]dopamine uptake inward-facing transporter variants \[[@pone.0225339.ref016]\], we observed reduced labeling efficiency of DAT R60A with antagonist-conjugated Qdots and were unable to label the completely non-functional, inward-facing W63A transporter mutant with antagonist-conjugated Qdots ([Fig 7b](#pone.0225339.g007){ref-type="fig"}). In another set of SPT experiments, we utilized an offsite labeling strategy, which did not require the availability of the DAT substrate binding site. The offsite strategy utilized the biotinylated anti-HA-Fab targeting the HA epitope incorporated into the EL2 of the three DAT variants and allowed us to tag the W63A variant with Qdots \[[@pone.0225339.ref018]\]. Interestingly, we saw considerably reduced Qdot labeling efficiency of DAT using anti-HA-Fab compared to the IDT444 antagonist ([Fig 7b](#pone.0225339.g007){ref-type="fig"}). This finding is in line with the previous observation by Wu et al. \[[@pone.0225339.ref038]\] that both the HA and the unflanked LAP epitopes in the DAT EL2 suffer from poor labeling efficiency by anti-HA antibody and alkyne-Alexa Fluor respectively, likely due to the hindered access as DAT possesses a compact 3D structure. We then recorded lateral motion of Qdot-tagged DAT variants over 60 s and compared the diffusion rate (*D*~*MLE*~) of the mobile fractions ([Fig 7c](#pone.0225339.g007){ref-type="fig"}; [Table 2](#pone.0225339.t002){ref-type="table"}; [S5 Fig](#pone.0225339.s008){ref-type="supplementary-material"}). Lateral mobility for the R60A transporter variant labeled with IDT444-Qdots increased significantly compared to the WT protein ([Fig 7c](#pone.0225339.g007){ref-type="fig"}; [Table 2](#pone.0225339.t002){ref-type="table"}).

10.1371/journal.pone.0225339.t002

###### Conformation-dependent changes in DAT diffusion dynamics.

![](pone.0225339.t002){#pone.0225339.t002g}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  DAT Variant   Probe              Median *D*~*MLE*~\   Explored Area\       N                                     Mann-Whitney U-test                   K-S test
                                   \[IQR\]              \[IQR\]                                                                                          
  ------------- ------------------ -------------------- -------------------- ------------------------------------- ------------------------------------- --------------------------------
  WT            IDT444             0.027 μm^2^/s\       0.0033 μm^2^\        2861                                  \-\-\-\--                             \-\-\-\--
                                   \[0.011--0.051\]     \[0.0014--0.0082\]                                                                               

  R60A          0.037 μm^2^/s\     0.0043 μm^2^\        1480                 D: vs WT/IDT444: p = 3x10^-23^\       D: vs WT/IDT444: p = 6x10^-20^\       
                \[0.019--0.061\]   \[0.0018--0.0096\]                        E.A.: vs WT/IDT444: p = 4x10^-7^      E.A.: vs WT/IDT444: p = 3x10^-7^      

  WT            Anti-HA Fab        0.027 μm^2^/s\       0.0039 μm^2^\        669                                   D: vs WT/IDT444: p = 0.06\            D: vs WT/IDT444: p = 0.0017\
                                   \[0.014--0.052\]     \[0.0015--0.0099\]                                         E.A.: vs WT/IDT444: p = 0.0069        E.A.: vs WT/IDT444: p = 0.0004

  R60A          0.046 μm^2^/s\     0.0084 μm^2^\        445                  D: vs WT/Fab: p = 5x10^-20^\          D: vs WT/Fab: p = 7x10^-21^\          
                \[0.030--0.066\]   \[0.0038--0.0163\]                        D: vs R60A/IDT444: p = 3x10^-7^\      D: vs R60A/IDT444: p = 1x10^-7^\      
                                                                             E.A.: vs WT/Fab: p = 6x10^-17^\       E.A.: vs WT/Fab: p = 5x10^-17^\       
                                                                             E.A.: vs R60A/IDT444: p = 7x10^-20^   E.A.: vs R60A/IDT444: p = 6x10^-18^   

  W63A          0.040 μm^2^/s\     0.0075 μm^2^\        633                  D: vs WT/Fab: p = 2x10^-9^\           D: vs WT/Fab: p = 3x10^-9^\           
                \[0.022--0.065\]   \[0.0026--0.0153\]                        E.A.: vs WT/Fab: p = 2x10^-9^         E.A.: vs WT/Fab: p = 4x10^-9^         
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

When tagged with anti-HA-Fab-Qdots, lateral mobility also increased significantly for both the R60A and W63A dysfunctional variants compared to the WT transporter ([Table 2](#pone.0225339.t002){ref-type="table"}). Notably, the diffusion rate of the WT transporter was not dependent on the labeling approach in our experiments ([Table 2](#pone.0225339.t002){ref-type="table"}). Explored area, computed as the area of the convex hull over the entire trajectory segment normalized to the number of time points and indicative of the diffusive behavior over the entire recording period, was also significantly higher for the dysfunctional R60A and W63A transporters when tagged with anti-HA-Fab-Qdots ([Fig 7d](#pone.0225339.g007){ref-type="fig"}, [Table 2](#pone.0225339.t002){ref-type="table"}). However, we did not detect a significant difference between the explored areas of the IDT444-Qdot-labeled WT and R60A transporters ([Fig 7d](#pone.0225339.g007){ref-type="fig"}, [Table 2](#pone.0225339.t002){ref-type="table"}). This finding might be explained in part by the propensity of cocaine and its analogs to stabilize the outward-facing DAT state and thereby influence the plasma membrane distribution of the dysfunctional R60A variant (Ma et al., 2017). Overall, it appears that the disruption of the amino acids within a conserved intracellular interaction network that modulates DAT conformation profoundly influences DAT plasma membrane distribution and affects the population diffusion dynamics of DAT proteins at the single particle level.

Discussion {#sec018}
==========

In this study, we used antagonist-conjugated Qdots to systematically characterize the cell surface diffusion dynamics of DATs in several heterologous expression systems. We observed a large degree of heterogeneity in the diffusion dynamics of dopamine transporters. The application of the relative deviation analysis to time-averaged MSD plots allowed us to identify distinct diffusive pools of cell surface DATs, with the majority of DATs exhibiting unrestricted, Brownian motion and a considerable fraction of DATs displaying restricted diffusion as shown in [Fig 2](#pone.0225339.g002){ref-type="fig"}. The existence of distinct diffusive pools of membrane DATs is expected according to the predominant hypothesis of DAT plasma membrane organization reported in the literature. It proposes a lipid microdomain model, suggesting that DAT segregates into cholesterol- and glycosphingolipid-rich nanodomains that provide the necessary microenvironment for efficient dopamine reuptake and potentially serve as "hot spots" for the recruitment of DAT binding partners or constitutive/regulated endocytosis \[[@pone.0225339.ref011]--[@pone.0225339.ref013],[@pone.0225339.ref049],[@pone.0225339.ref055]\]. When we examined factors involved in the regulation of DAT diffusion dynamics and cell surface distribution, we found that the lateral motion of DAT was primarily regulated through two mechanisms: (i) confinement and retention of a large fraction of DATs at the cell edge and (ii) limited diffusive DAT penetration into the flat membrane regions despite the existence of a highly mobile fraction in thin membrane protrusions.

The plasma membrane of DAT-expressing HEK-293T cells at the cell-coverslip interface possessed three prominent membrane features which most Qdot-tagged DATs were localized to--thin, finger-like protrusions (filopodia), thin flat membrane sheets (lamellipodia), and the cell edge. We correlated DAT diffusivity with the local membrane landscape by extracting two motion parameters, *D*~*MLE*~ and *α*, from the trajectories in the three membrane regions and found a striking dependence of DAT lateral mobility on its membrane location. Qdot-tagged DATs localized to the cell edge were moving laterally at a significantly slower rate in a subdiffusive regime than Qdot-tagged DATs found in membrane protrusions or lamellipodia ([Fig 2c and 2d](#pone.0225339.g002){ref-type="fig"}). Interestingly, the latter membrane areas are zones of active actin cytoskeleton remodeling, which has been shown to transiently organize biochemical reactions through active nanoclustering of various surface molecules and thereby spatiotemporally orchestrate cellular signaling \[[@pone.0225339.ref056]\].

Monitoring surface DAT-Qdots on a longer time scale (30+ min) revealed persistent avoidance of the flat membrane regions in all cell types examined. We ruled out the possibility that such asymmetric spatiotemporal distribution of surface DAT-Qdot localizations is artifactually caused by Qdot targeting through the application of our labeling strategy to the D2 dopamine receptor. The uniform plasma membrane distribution of both ligand-occupied and anti-HA-Fab-tagged Qdot-D2DRs was readily apparent in contrast to the DAT-Qdot localization pattern. We confirmed our Qdot-based findings by employing an orthogonal imaging modality, superresolution SIM microscopy to visualize differential membrane distribution of RFP-tagged DAT and GFP-tagged D2DR coexpressed in various cell hosts. The striking polarization of DAT surface density was independent of the labeling strategy and in agreement with the reports by Sorkin and colleagues on DAT preferential accumulation in filopodia \[[@pone.0225339.ref017],[@pone.0225339.ref018]\]. Although the flat membrane regions of cells we imaged were usually devoid of DAT-Qdots, occasionally we were able to capture DAT-Qdots diffusing in the flat membrane region in the vicinity of the cell edge ([Fig 8](#pone.0225339.g008){ref-type="fig"}, [S8](#pone.0225339.s016){ref-type="supplementary-material"} and [S9](#pone.0225339.s017){ref-type="supplementary-material"} Files). Once DAT-Qdots penetrated into the cell edge region with higher DAT density, they underwent transient trapping when diffusing into the DAT-rich membrane edge.

![Dynamic retention of diffusing DAT-Qdots at the cell edge, an area of local DAT accumulation.\
(a-b) Representative time-lapse sequences showing transient trapping of DAT-Qdots at the cell edge, an area with increased local RFP-DAT density. Area size: 13x13 μm. (c)A reconstructed trajectory depicting DAT-Qdot motion in b. Scale: 1 pixel = 0.22 μm. (d) HMM Analysis of DAT-Qdot diffusive state swtiching over the course of the trajectory shown in c. Three distinct diffusive states were identified--fast (blue) occurring in the flat membrane regions, yellow and red (intermediate and slow) occurring in the vicinity of the cell edge and corresponding to transient DAT-Qdot trapping. (e) A scatter plot showing the distribution of instantaneous vector displacements (Δx,Δy) corresponding to the three diffusive states identified in d. Source data are provided in [S3 Dataset](#pone.0225339.s003){ref-type="supplementary-material"}.](pone.0225339.g008){#pone.0225339.g008}

Several lines of evidence have recently demonstrated that the outward-facing conformation of DAT is necessary for its accumulation in the filopodia of nonneuronal and neuronal cells \[[@pone.0225339.ref016]--[@pone.0225339.ref018]\]. Specifically, the Ala substitution of Arg60 (R60) and Trp63 (W63) amino acid residues, which are necessary for DAT to adopt the outward-facing conformation, abolishes preferential DAT concentration in filopodia. We confirmed this phenomenon via superresolution SIM microscopy and then analyzed the relative diffusion rates of DAT-WT-Qdots, DAT-R60A-Qdots, and DAT-W63A-Qdots at the plasma membrane of HEK293T cells. We showed that both DAT variants with the disrupted outward-facing conformation were diffusing at a significantly faster rate at the cell surface. Importantly, this difference in mobility was consistent for both antibody- and ligand-bound transporters and was well correlated with acute changes in the polarization of DAT surface density. Since DAT sorting into the membrane edges/protrusions does not appear to rely on a cytoskeleton- or lipid-dependent mechanism, we suggest that the exclusion of DAT from the flat membrane regions is instead mediated via biomechanical coupling between the intrinsic DAT curved shape (the diameter of the cytoplasmic interface of the DAT core is smaller than that of the extracellular interface \[[@pone.0225339.ref054]\] and the membrane curvature \[[@pone.0225339.ref057]\]. Recently, Rosholm and colleagues \[[@pone.0225339.ref057]\] proposed and experimentally validated that the retention of the asymmetric neuropeptide Y receptor Y2 (Y2R) in the curved membrane protrusions of various cell lines is a result of the balance between the energetic drive to match membrane and protein curvature and the entropic resistance of having different protein densities in the protrusion and the membrane reservoir. In contrast, no curvature-mediated sorting was observed for the uniform, cylindrical aquaporin 0 (AQP0) water channel. A direct outcome of this hypothesis is that curvature-dependent sorting of a transmembrane protein should in principle be sensitive to its conformational state. In fact, the introduction of R60A and W63A mutations into DAT structure that bias the transporter to an inward-facing state essentially eliminate preferential DAT targeting to the membrane edges/protrusions. The profound impact of the point mutations that bias the transporter to the inward-facing state on the spatiotemporal membrane organization of DAT has particularly important implications for psychiatric disorders associated with rare DAT coding variants. Investigating the precise mechanisms that govern DAT diffusion dynamics and its surface density polarization in healthy versus disease models may thus lead to a better understanding of the molecular pathology of these brain disorders.

Conclusions {#sec019}
===========

We conducted a systematic study characterizing the diffusive properties of the cell surface DAT molecules using our SPT framework based on antagonist-conjugated Qdots. SPT and superresolution SIM experiments revealed that DAT surface density is highly polarized and DAT membrane diffusivity is strongly dependent on the membrane features DAT resides in--membrane edge, protrusions, lamellipodia, or flat membrane zones. We show that the exclusion of DAT from the flat membrane regions is not a lipid- or cytoskeleton-dependent phenomenon and propose that it is instead mediated via biomechanical coupling between the intrinsic DAT curved shape and the high curvature of various plasma membrane feature (edge, protrusions, kinks, grooves, invaginations). We also show that the surface dynamics of DAT molecules are highly sensitive to the conformational state of the transporter. Together, these biophysical phenomena warrant an in-depth investigation as to whether compromised surface diffusion is a common pathological feature of brain disorder-derived DAT variants and how it impacts the efficiency of dopamine neurotransmission *in vivo*.

Supporting information {#sec020}
======================

###### Source data for [Fig 2](#pone.0225339.g002){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.

###### Source data for [Fig 7](#pone.0225339.g007){ref-type="fig"}.

(XLSX)

###### 

Click here for additional data file.

###### Source data for [Fig 8](#pone.0225339.g008){ref-type="fig"}---HMM-Bayes analysis output from Matlab.

(ZIP)

###### 

Click here for additional data file.

###### Relative deviation analysis of individual simulated trajectories.

Histograms of trajectory number for deduced RD(*N*,25) for 1,000 simulated Brownian (free/nonanomalous) trajectories with varying track length *N* = 100, 200, 300, 400, and 600.

(TIF)

###### 

Click here for additional data file.

###### RD(*N*,25) versus *track length (N)* for simulations in [S1 Fig](#pone.0225339.s004){ref-type="supplementary-material"}.

\(a\) Solid circles indicate 2.5th and 97.5th percentiles. (b) Computed fractions of simulated trajectories (each containing 1,000 tracks of varying length, i.e. 50--600 frames) classified as undergoing free diffusion (white) versus restricted diffusion (gray).

(TIF)

###### 

Click here for additional data file.

###### Diffusion rate of RFP-DAT-WT in transiently transfected HEK-293T cells under different conditions.

Trajectories of Qdot-tagged RFP-DAT-WT were recorded a spinning disk confocal microscope at 10 Hz for 1 minute (a total of 2767 (o-3MF3BS), 3932 (m-3M3FBS), 3311 (Latrunculin B), 3173 (Nocodazole), 924 (apical membrane), and 3867 (cold imaging buffer) tracks ≥50 frames were analyzed from three independent experiments for each conditions. Differences between Dmle distributions for each condition versus the control group were tested for statistical significance using the Kolmogorov-Smirnov test (\*\*\* denotes p\<0.001, \*\* denotes p\<0.01).

(TIF)

###### 

Click here for additional data file.

###### Dot density plots depicting diffusion coefficient distributions shown in [S3 Fig](#pone.0225339.s006){ref-type="supplementary-material"}.

The median is represented by the black line.

(TIF)

###### 

Click here for additional data file.

###### Dot density plots depicting diffusion coefficient distributions for IDT444- or anti-HA-Fab-tagged DAT variants.

Median is represented by the black line.

(TIF)

###### 

Click here for additional data file.

###### Video of diffusing Qdot-tagged wildtype DAT in live HEK-293 cells.

The time-lapse series were acquired at 10 Hz for 1 minute. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.

###### Video of diffusing Qdot-tagged wildtype DAT in live N2A cells.

The time-lapse series were acquired at 10 Hz for 1 minute. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.

###### Longer-term video of diffusing Qdot-tagged wildtype DAT in live N2A cells.

The time-lapse series were acquired at 0.1 Hz for 30 minutes. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.

###### Video of diffusing Qdot-tagged wildtype DAT along a neurite in live N2A cells.

The time-lapse series were acquired at 10 Hz for 1 minute. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.

###### Longer-term video of diffusing Qdot-tagged wildtype DAT along a neurite in live N2A cells.

The time-lapse series were acquired at 0.1 Hz for 15 minutes. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.

###### Video of diffusing Qdot-tagged D2DR-HA in live HEK-293T cells.

The time-lapse series were acquired at 33 Hz for 1 minute. The rate of the video playback is 30 frames/s. Surface D2DR-HA were sequentially labeled with the biotinylated IDT772 (500 nM) and Qdot605Sav (0.1 nM) for 10 and 5 minutes respectively.

(AVI)

###### 

Click here for additional data file.

###### Video of diffusing Qdot-tagged D2DR-HA in live HEK-293T cells.

The time-lapse series were acquired at 33 Hz for 1 minute. The rate of the video playback is 30 frames/s. Surface D2DR-HA were sequentially labeled with the biotinylated anti-HA Fab (0.2 μg/mL) and Qdot605Sav (0.1 nM) for 10 and 5 minutes respectively.

(AVI)

###### 

Click here for additional data file.

###### Video of transient trapping of Qdot-tagged RFP-HA-DAT at the cell edge in live HEK293T cells.

The time-lapse series were acquired at 10 Hz for 1 minute. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.

###### Video of transient trapping of Qdot-tagged RFP-HA-DAT at the cell edge in live HEK293T cells.

The time-lapse series were acquired at 10 Hz for 1 minute. The rate of the video playback is 30 frames/s.

(AVI)

###### 

Click here for additional data file.
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